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Abstract

Significant jet quenching in central Au+ Au collisions has been discovered at RHIC. This Letter provides theore
arguments and lists experimental evidence that the observed jet quenching at RHIC is due to parton energy loss instead
rescattering or absorption in a hadronic medium. These include: (1) hadron formation time based on the uncertainty
(2)pT dependence and (3) centrality dependence of the observed jet quenching, (4) jet-like leading hadron correlations
pT azimuthal anisotropy and (6) experimental data from Pb+ Pb collisions at SPS ande+A collisions. Direct measuremen
of the parton energy loss in the direction of a triggered high-pT hadron and the medium modified fragmentation function
the back-side are proposed to further verify the partonic nature of the observed jet quenching. The importance of jet q
studies at lower energies at RHIC is also discussed.
 2003 Elsevier B.V. All rights reserved.

PACS: 12.38.Mh; 24.85.+p; 25.75.-q
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1. Introduction

More than a decade after the original proposal [1
of jet quenching due to radiative parton energy lo
conclusive experimental evidence has been foun
central Au+ Au collisions at the relativistic heavy-io
collider (RHIC) not only from the suppression of hig
pT single inclusive hadron spectra [3–5] but also
suppression of back-side jet-like correlations [6]. T
latter provides direct evidence for medium modific
tion of the parton fragmentation functions [7]. Mo
recent results ofd+Au collisions [8–10] further prove
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0370-2693/$ – see front matter 2003 Elsevier B.V. All rights reserved
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that the observed jet quenching is due to final-s
interactions with the produced medium. Initial-sta
scatterings in cold nuclei only broaden the initial tra
verse momentum, leading to the Cronin enhancem
of intermediate high-pT hadron spectra as was fir
predicted forp+A collisions at RHIC [11].

The original proposal of jet quenching in a den
(or normal) nuclear medium [1,2] was based on
idea that radiative energy loss during the propa
tion of an energetic parton must suppress the le
ing hadron distributions inside a jet. This leads
medium modification of the jet fragmentation fun
tions [7] and suppression of the high-pT hadron spec
tra in high-energy heavy-ion collisions. Such mediu
induced radiative parton energy loss has since b
.
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studied in detail and in many different approach
[12–18] in QCD that include the non-Abelian Lauda
Pomeranchuck–Migdal (LPM) interference effect. T
energy loss was found to be proportional to the glu
density of the medium. It was further predicted that
quenching due to parton energy loss should also
to the azimuthal anisotropy of high-pT hadron spec
tra in non-central heavy-ion collisions [19], which h
been observed [20] at RHIC.

Phenomenological studies of hadron spectra ba
on parton energy loss have found that the obser
suppression of high-pT single hadron spectra implie
large parton energy loss or high initial gluon dens
[18,21–24]. The same parton energy loss is a
found to reproduce the observed suppression of b
side correlation [25,26] and the high-pT azimuthal
anisotropy [26,27]. Most importantly, the calculat
centrality dependences of the suppression of b
single hadron spectra and back-side correlation a
very well with the experimental measurements [2
The deduced initial gluon density at an initial tim
τ0 = 0.2 fm/c is found to be about 30 times of th
in a normal nuclear matter [24,26]. If the transve
energy per particle is 0.5 GeV [28], the above glu
density will correspond to an initial energy density
ε = 15 GeV/fm3, which is about 100 times of th
energy density in a cold nuclear matter. In additi
the measured large azimuthal anisotropy for s
hadrons is found to saturate the hydrodynamic li
[29,30]. These experimental results all point to
initial medium that is strongly interacting and h
a large initial pressure gradient. Within our curre
understanding of QCD, such a strongly interact
medium with about 100 times normal nuclear ene
density can no longer be a normal hadronic matter

The aforementioned analyses of RHIC data on
quenching are all based on a picture in which part
propagating through the dense medium lose ene
first and then hadronize outside in the same way
in the vacuum. It is reasonable to ask whether lead
hadrons from the jet fragmentation could have stro
interaction with the medium and whether hadr
absorption could be the main cause for the observe
quenching. This Letter will provide arguments agai
such a scenario in detail and list experimental evide
that the observed patterns of jet quenching in hea
ion collisions at RHIC canonly be the consequence
of parton energy loss, not hadronic absorption.
2. Hadron formation time

Fragmentation of a parton into hadrons involv
mainly non-perturbative physics in QCD and thus
not calculable within perturbative QCD (pQCD). O
can, nevertheless, use pQCD to calculate the evolu
of the fragmentation process due to short dista
interaction when the virtuality of the parton is larg
thanQ0 ∼ 1 GeV. Such perturbative processes c
take place over a period of time,

(1)τDGLAP ∼ 2
∑
i

Ezi(1− zi)

Q2
i

� 2
Ez0(1− z0)

Q2
0

,

where the sum is over gluon emission, andQi andzi
are the virtualities and fractional energies of the
termediate partons between each successive emi
until Q0 is reached. Afterwards, the non-perturbat
processes of hadronization take place. One scenar
the non-perturbative process is that the produced
tons (quarks and gluons) will recombine into the fin
hadrons. The hadron formation time can be conside
as the time for partons to build up their color fields a
develop the hadron wave function. According to
uncertainty principle, such a formation time in the r
frame of the hadron can be related to the hadron
Rh. In the laboratory frame, the hadron formation tim
is then [31]

(2)τf ∼Rh
Eh

mh
.

For an Eh = 10 GeV pion, this amounts toτf ∼
35–70 fm/c for Rh = 0.5–1 fm.

In some dipole models of hadronization [32], t
quarks and anti-quarks from gluon splitting are
sumed to combine into color singlet dipoles which w
become the final hadrons. The hadron formation t
is then assumed to be just the formation time for
gluon emission, ignoring the time of quark and an
quark production and the time for dipoles to grow
the normal hadron size. Even if one considers this
ternative hadronization process as successive emis
of hadrons by the fragmenting jet, a hadron carryin
fractionz of the parton energy will take

(3)τf ∼ 2Eh(1− z)

k2
T +m2

h

to be produced, wherekT ∼ ΛQCD is the intrinsic
transverse momentum of the hadron. As we will sh
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later, a 10 GeV hadron comes from a parton with
average energyE = 16.5 GeV in p + p collisions
at RHIC, thus an average〈z〉 = 0.6. UsingΛQCD =
0.2 GeV, the formation time for a 10 GeV pion is the
τf ∼ 40 fm/c.

Though the above numbers can only serve as or
of-magnitude estimates, they are still much lon
than the typical medium size or the lifetime of t
dense medium in heavy-ion collisions at RHIC. F
thermore, the above estimates are for hadronizatio
vacuum only. Medium interaction with the fragmen
ing partons will only increase the hadron formati
time. Certainly, in the extreme case, the hadron
never be formed inside a deconfined medium du
color screening and the formation time should ne
be shorter than the lifetime of a quark–gluon plasm

3. Momentum dependence of hadron suppression

The most striking feature of the observed jet qu
ching manifested in the suppression of high-pT had-
rons is the almost flatpT dependence of the suppre
sion at highpT [3,4]. The empirical total energy los
has to have a linear energy dependence in order to
scribe such apT dependence [22,23]. This runs d
rectly opposite to the trend of hadronic absorption
rescattering. Since the hadron formation time is p
portional to the hadron or jet energy, the total effe
tive energy loss due to hadron rescattering or abs
tion should decrease with energy, unless the en
dependence of the hadronic energy loss per unit
tance is stronger than a quadratic dependence. Su
quadratic or stronger energy dependence of the en
loss can never be allowed in any physical scenario

For elastic scatterings, the energy loss of a pion
scattering is�Eel ≈Eπ(1 − cosθcm)/2, whereθcm is
the scattering angle in the center of mass frame.
averaged elastic energy loss can be estimated as

(4)
dEel

dx
=

〈∫
dt
dσ

dt
Eπ

−t
s
ρh

〉
≈ σ0

B

〈
ρh

ωh

〉
,

which has a very weak energy dependence. Heret ≈
−s(1−cosθcm)/2,s ≈ 2Eπωh and〈· · ·〉 is the thermal
average over hadron energyωh with densityρh(ωh).
We have considered only the dominantt-channel when√
s is much larger than theπ–h resonance mas

anddσ/dt can be described by its geometrical fo
-

a

dσ/dt = (σ0B)exp(tB), with B/σ0 ≈ 0.3 according
to the observed geometrical scaling property of h
energy hadron collisions for

√
s < 100 GeV [33].

Here, σ0 is assumed to be the total cross secti
Normally, elastic cross section is about 17% of
total cross section. This elastic energy loss is a
related to the transverse momentum broadening,

(5)

〈
q2
T

λ

〉
≈ σ0

B
〈ρh〉.

For a pion gas atT ∼ 150 MeV, the elastic energy los
is very small, about 0.036 GeV/fm, independent o
the pion’s energy. The corresponding transverse
mentum broadening will be also very small. The e
ergy loss due to inelasticπ–h scattering is difficult
to estimate. However, it should not have a linear
ergy dependence, according to the estimate base
the uncertainty principle [34], taking into account t
LPM interference effect. Therefore, the energy lo
due to hadronic interaction should have an energy
pendence weaker than a linear dependence. Had
rescattering or absorption, with the energy depende
of the formation time, cannot give rise to the o
served flatpT dependence of the hadron suppress
as shown in Fig. 1(a).

In deeply inelasticeA scattering (DIS) off nuclei
a quark jet propagating through the normal nucl
matter should also suffer energy loss leading to
suppression of its leading hadrons. Theoretical ca
lations [17] give a logarithmic energy dependence
the parton energy loss, which leads to a hadron s
pression factor that will increase with the quark e
ergy. As shown in Fig. 1(b), the suppression of le
ing hadrons as measured by HERMES experim
[35] clearly disappears as the initial quark energy
increased. The calculation of modified parton fra
mentation functions due to parton rescattering
gluon bremsstrahlung [18,36], as shown by the s
lines, agrees with the data very well. Though the d
can also be explained [37] as a consequence of
hadron absorption, the deduced short formation t
is not consistent with the estimate in Section 2. T
hadron suppression in the central Au+ Au collisions
at RHIC, on the other hand, are almost constant at h
pT as shown in Fig. 1(a). This is hard to understa
from the original theoretical calculations of parton e
ergy loss, since the results only depend on the gl
density, whether in a cold or hot medium. The diff
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Fig. 1. The suppression factor for (a) single inclusive hadron spe
in central Au+ Au collisions and (b) deeply inelastic scattering o
nuclear targets. Solid lines are theoretical calculations with pa
energy loss and modified fragmentation functions. Data are f
PHENIX [3], STAR [4] and HERMES [35].

ent energy dependences in DIS and heavy-ion c
sions could point to the effect of absorption of th
mal gluons from a thermal bath, which only exists
heavy-ion collisions but is absent in DIS. This detai
balance between gluon emission and absorption
hot medium increases the energy dependence o
net energy loss [38]. The solid lines in Fig. 1(a) a
calculations based on a parameterization of parton
ergy loss that includes the effect of detailed balan
Calculations shown in Fig. 1(b) as solid lines for D
only include induced gluon radiation in cold nuclei.
4. Centrality dependence of hadron suppression

This Letter will not describe the details of th
calculation of single hadron and dihadron spectra
heavy-ion collisions, but refer readers to Ref. [26]
is, however, important to point out that the effect
total parton energy loss in a dynamic system
proportional to a path integral of the gluon dens
along the propagation trajectory. According to rec
theoretical studies [18,27,39],

(6)�E ≈
〈
dE

dL

〉
1d

τ0+�L∫
τ0

dτ
τ − τ0

τ0ρ0
ρg(τ, b, 
r + 
nτ),

whereρ0 is the averaged initial gluon density atτ0 in a
central collision, and〈dE/dL〉1d is the average parto
energy loss over a distanceRA in a 1-dimensional ex
panding medium with an initial uniform gluon densi
ρ0. The corresponding energy loss in a static med
with a uniform gluon densityρ0 over a distanceRA
is dE0/dL = (RA/2τ0)〈dE/dL〉1d [18]. The gluon
density ρg(τ0, r) is assumed to be proportional
the transverse profile of participant nucleons, wh
is consistent up to 30% with the measured char
hadron multiplicity [40,41].

The calculated centrality dependence of the sin
hadron suppression in Au+ Au collisions agrees ver
well with the experimental measurements, as sho
in Fig. 2. The centrality dependence of the back-s
suppression is also in excellent agreement with
data [26]. These are the consequences of the cent
dependence of the averaged total energy loss in Eq
and the surface emission of the surviving jets. J
produced around the core of the overlapped region
strongly suppressed, since they lose the largest am
of energy.

On the other hand, if the finite hadron formati
time were shorter than the medium size in the m
central collisions and jet quenching were only cau
by the subsequent rescattering or absorption of
leading hadrons, one should expect a more rapid
appearance or reduction of jet quenching when
medium size becomes smaller than the hadron for
tion time in non-central Au+ Au collisions. This is
clearly absent in the observed centrality dependen

The large suppression of single hadron spec
about a factor of 5, in the most central Au+ Au
collisions can actually lead to a strong constraint
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Fig. 2. The centrality dependence of the measured single inclu
hadron suppression [3,4] at highpT as compared to theoretica
calculation with parton energy loss.

the hadron formation time if no parton energy lo
is allowed. One can take the most extreme scena
there is no jet attenuation before a finite had
formation timeτf and every hadron is absorbed
it is still inside the medium at the formation tim
The suppression factor is then determined by the r
of the volume of the outer layer with a widthτf
and the total overlapping volume. Here one negle
the finite transverse flow velocity in the early tim
With a hard-sphere nuclear geometry, one finds
a factor of 5 suppression would require a format
time shorter than 2 fm/c, which is hard to reconcile
with the theoretical estimate for a 10 GeV pion.

5. Jet-like hadron correlation

Perhaps the most discriminating experimental e
dence against jet quenching via hadron rescatterin
absorption comes from two-particle correlations.
structure of azimuthal correlations of leading hadro
is clearly seen in RHIC experiments and it is t
same inp+ p, d + Au and peripheral Au+ Au colli-
sions [6,9]. It consists of one peak in the near-side
the triggered hadron and another in the back-side
one increases the centrality in Au+ Au collisions, the
back-side correlation is significantly suppressed
as the single hadron spectra. The near-side cor
tion, on the other hand, remains the same as inp + p

andd + Au collisions. This is clear evidence that j
hadronization takes place outside the dense med
with a reduced parton energy. On the other hand
us suppose that the leading and sub-leading had
from jet fragmentation are produced inside the de
medium, hadron rescattering and absorption will c
tainly change the near-side correlation as a functio
centrality both in strength and shape, if they are
sponsible for the suppression of single hadron spe
and back-to-back correlations. Barring corrections
to trigger bias toward surface emission, the same-
correlation should be suppressed as much as the s
hadron spectra, were the suppression caused by ha
absorption. This is clearly not seen in the data. T
measurement of leading and subleading hadron
relation can also be employed in the DIS experim
to study hadron formation. When the initial quark e
ergy is sufficiently small, hadrons will be formed i
side the nucleus and the jet profile will be modifi
due to hadronic rescattering or absorption.

It should be stressed that the above argument is
true when the transverse momenta of the leading
subleading hadrons are close to each other. This
ensure that both of them come from hadronization
the leading parton. If the subleading hadron is v
soft, then contribution from emitted gluons induc
by bremsstrahlung can become important. These
hadrons will then have different correlation and a
imuthal profile from that inpp collisions.

Because of the trigger bias, the triggered high-pT
hadrons mainly come from jets that are produced n
the surface of the overlapped region. However, on
average the original jet should lose a finite amo
of energy. In the pQCD parton model, one can c
culate the average energy of the initial jet that, a
rescattering and induced bremsstrahlung, eventu
produces a leading hadron with transverse momen
p

trig
T . Shown in Fig. 3 are the averaged jet energies

nusptrig
T as functions of〈Npart〉 for different values of

p
trig
T . The averaged〈z〉 = p

trig
T /〈ET 〉jet in p+ p colli-

sions is found to be about 0.6–0.7, with the trigge
hadron carrying most of the jet energy. Here,〈ET 〉jet is
the parton energy before fragmentation averaged
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Fig. 3. The average transverse energy〈ET 〉jet–ptrig
T of the initial

partons that produce a final hadron withptrig
T as a function of〈Npart〉

for different values ofptrig
T (increasing from lower to top lines)

Solid lines are for Au+ Au collisions with finite parton energy los
that describes the inclusive hadron suppression and dashed
for calculation without parton energy loss (but with initial multip
scatterings).

jet production cross sections and fragmentation tha
ways give a leading hadron withpT = p

trig
T . In heavy-

ion collisions, the jet loses some amount of energy
fore it hadronizes. Therefore, it has to have higher
tial energy than inp + p collisions in order to pro-
duce a leading hadron with the sameptrig

T . The extra
amount of energy increases with centrality as sho
by the solid lines.

Note that〈ET 〉jet evaluated here is the transver
energy in the center of mass frame of the two col
ing partons. Initial multiple scattering will increase t
initial parton transverse momentum leading to the
served Cronin enhancement of high-pT single hadron
spectra ind + Au collisions [8–11]. The trigger bia
then leads to smaller values of〈ET 〉jet in Au + Au col-
lisions without energy loss than inp + p for a fixed
p

trig
T as shown by the dashed lines in Fig. 3. The d

ference between solid and dashed lines should the
the averaged energy loss for a jet that survived mu
ple scattering and gluon bremsstrahlung and produ
a leading particle withptrig

T . This is shown in Fig. 4 a
a function of〈Npart〉. In the most central collisions, je

that produce a leading hadron atptrig
T = 5–15 GeV/c

lose about 1.4–2.2 GeV energy on the average.
Fig. 4. The average energy loss for partons that produce a

hadron withptrig
T

in Au + Au collisions.

It is important to emphasize here that the ab
calculated average jet energy〈ET 〉jet is the initial
parton energy associated with a leading hadron w
pT = p

trig
T in a leading order pQCD calculatio

Such a jet energy is difficult to measure in heavy-
experiments using the conventional jet reconstruc
method because of the large background and
fluctuation. One can, however, make an experime
measurement that will be close to the theoret
definition of the jet energy. One can define a co
(in rapidity and azimuthal angle) along the directi
of the triggered leading hadron, and then measure
transverse energy carried by all hadrons inside
cone average over all triggered events. One can ch
the cone size, for example, to be|y|< 0.5 and|φ|<
π/4. The average background energy, which shoul
subtracted, can be determined as the averaged en
carried hadrons in the same amount of phase s
between an azimuthal angleπ/4 to 3π/4 relative
to the triggered hadron. This corresponds to
region between the two back-to-back jets. The ene
determined in such a way will depend on jet co
size. Since hadrons from hadronization of the emi
gluons could be very soft, one should use a momen
cut-off as small as possible in order to make sure
hadrons from the jet fragmentation are included. T
angular broadening of jets [42] in principle could al
influence the value of the jet energy determined
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Fig. 5. Hadron-triggered effective fragmentation function inp + p

collisions from pQCD parton model calculation for different valu

of ptrig
T

(with increasing values from lower to top solid lines).

way [43]. So one should keep in mind these err
when interpreting the experimental measurements

On the back-side of the triggered hadrons, o
can define a hadron-triggered effective fragmenta
function [26],

(7)Dh1h2
(
zT ,p

trig
T

) = p
trig
T

dσ
h1h2
AA /dp

trig
T dpT

dσ
h1
AA/dp

trig
T

,

for associated hadronh2 with pT in the back-side di-
rection of h1 with p

trig
T , wherezT = pT /p

trig
T . The

back-side direction is defined by|�φ − π | < π/2.
This way, one can ensure that the jet cone inclu
most of the soft hadrons. This is equivalent to fin
ing remnants of lost jets in heavy-ion collisions [4
Shown in Fig. 5 are the hadron-triggered fragmen
tion functions inpp collisions. The differences be
tween different values ofptrig

T are caused by scale d
pendence of the parton fragmentation functions
the different parton flavor composition, in particu
the ratio of quark and gluon jets. The parton fragm
tation functions used in the calculation are given
parameterization. With finite values of initial jet e
ergy, mass and other higher-twist corrections beco
important. The actual fragmentation functions will s
urate and decrease for small values ofzT . The larger
theET , the smaller thezT of the saturation point.
Fig. 6. The medium modification of the hadron-triggered fragme
tion function, defined as the ratio of hadron-triggered fragmenta
functions in central Au+ Au andp+ p collisions for different val-

ues ofptrig
T (increasing from lower to top solid lines).

Shown in Fig. 6 are the ratios of the hadro
triggered fragmentation functions in central Au+ Au
andp + p collisions. In Au+ Au collisions, hadrons
are produced not only from jet fragmentation of t
leading partons with reduced energy but also fr
the hadronization of the medium induced gluo
Normally, hadrons from medium induced gluons a
softer and have a wider angular distribution th
the hadrons from leading partons. One therefore
to define a bigger jet cone for the hadron-trigge
effective fragmentation function. The softening
the effective fragmentation function is caused by
suppression of leading hadrons due to parton en
loss and the enhancement of soft hadrons from em
gluons. Soft hadrons from emitted gluons beco
significant only at smallzT . At large zT hadrons
mainly come from fragmentation of the jet wi
reduced energy. Thus if one chooses largezT , the near-
side jet profile should not change. On the other ha
the back-side profile could change due to transve
momentum broadening.

6. High pT azimuthal anisotropy

In non-central heavy-ion collisions, the parton e
ergy loss has finite azimuthal anisotropy due to
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azimuthal dependence of the path length of propa
tion. This will lead to a large azimuthal anisotro
of high-pT hadron spectra [19] which has been o
served by RHIC experiments [20]. After correcti
for two-particle correlations, the observed azimut
anisotropy is consistent with that caused by parton
ergy loss [26,45]. The same energy loss also expl
quantitatively the single hadron suppression and s
pression of back-side jet correlations.

Since azimuthal anisotropy in hadron spectra
generated by the geometrical eccentricity of the de
medium, it is only sensitive to the evolution of th
dense matter at very early time [46]. As the syst
expands, the geometry becomes more symmetric
thus loses its ability to generate spectra anisotro
This is particularly true in late hadronic stage [4
If there were no parton energy loss and no jet att
uation before a finite hadron formation time, then a
anisotropy in spectra will be caused by the geometr
eccentricity at the time when hadron absorption sta
At this late time, a few fm/c for example, the geome
try is already quite symmetric and can no longer gen
ate large anisotropy in the final hadron spectra. Th
fore, the observed large azimuthal anisotropy at h
pT cannot be generated by hadronic absorption of
in the late stage of the evolution. It should be noted t
the parton energy loss considered so far is only se
tive to the gluon density of the medium. The quest
whether the medium under such a high parton den
is deconfined quark–gluon plasma or hadronic ma
cannot be addressed within jet quenching alone.

7. SPS data

The final piece of the evidence comes from e
periments at SPS. Hadron spectra at this energy
very steep at highpT and are very sensitive to initia
transverse momentum broadening and parton en
loss [11]. However, the measuredπ spectra in cen
tral Pb+ Pb collisions only show the expected Cron
enhancement [48,49] with no sign of significant su
pression. More recent analyses of the Pb+ Pb data at
the SPS energy also show [50] that both same-
and back-side jet-like correlations are not suppres
though the back-side distribution is broadened. Sho
in Fig. 7 as a solid line is the energy dependence
the calculated single pion suppression factor atpT =
Fig. 7. The colliding energy dependence of the nuclear modifica
factor for single inclusive hadron spectra at fixedpT in the
most central Au+ Au (or Pb+ Pb) collisions as compared to th
parton model calculation. The parton energy loss is assumed
proportional to the measured charge multiplicitydNch/dη while
the medium formation time and lifetime of the medium are assum
to be the same. The data are from PHENIX [3], STAR [4] a
WA98 [48].

4 GeV/c as compared to data at RHIC and SPS. T
initial gluon densityρ0 at τ0 = 0.2 fm/c in the calcu-
lation of the parton energy loss in Eq. (6) is assum
to be proportional to the measureddNch/dη [51]. The
measured multiplicity at SPS is only about 2.0 sma
than at the highest energy of RHIC. The calcula
suppression increases more rapidly and reaches
at the SPS energy. This is partly because of the Cr
effect which is much stronger at SPS and compens
some of the energy loss effect. However, the calc
tion is still about a factor of 3 smaller than the da
Similar results are reported in Ref. [24] when the sa
gluon density is used.

There could be several reasons for such a big
crepancy between data and our calculation at SPS
The initial formation timeτ0 could be much large
than at RHIC or the lifetime of the dense matter
SPS could be much shorter. Since a hadronic
should have at least existed in Pb+ Pb collisions at
SPS and the particle density and duration of suc
hadronic state should not be much different from t
in Au + Au collisions at RHIC, hadronic rescatterin
or absorption should have significantly suppressed
pion spectra, were it responsible for most of the
quenching at RHIC. Therefore, in any circumstanc



X.-N. Wang / Physics Letters B 579 (2004) 299–308 307

orp

still
, it
een
rgy
her
By
ges
al
ial
ore
e
ght
the

ted
hing

y
onic
jet
e

sible

not
a

he

y of
t be
nce
ide
ron

ide
e-

ing
es
r the

lso
otal
xed

l
the
ing
oss.
on-
e

ion.
er

ssi-
nic
of
te

clu-
nts
e the
ch-

ion.
pos-
er-

have
mal
The
ons
h,
is
to
his
gy
ics,
nt
8.

8

.
89
the SPS data are not consistent with a hadronic abs
tion picture at RHIC.

Nevertheless, jet quenching at SPS energies
remains a less explored territory. As shown in Fig. 7
will be important to have a few measurements betw
SPS and RHIC energy to explore the colliding ene
dependence of jet quenching and find out whet
there is any threshold behavior of jet quenching.
changing the colliding energy, one essentially chan
the initial parton density without changing the initi
medium size. This will allow one to observe the init
density dependence of jet quenching, obtain m
information about formation time or lifetime of th
medium, and search for critical behaviors that mi
be caused by phase transitions in the evolution of
dense medium.

8. Summary

This Letter has provided arguments and lis
experimental evidence that the observed jet quenc
or pattern of suppression of high-pT hadron spectra
in Au + Au collisions at RHIC is caused mainly b
parton energy loss, not hadron absorption in a hadr
medium. The estimated hadron formation time in
hadronization is much longer than the typical lifetim
of the dense matter and thus cannot be respon
for the observed jet quenching. The observedpT
and centrality dependence of jet quenching are
consistent with a hadronic absorption picture with
finite formation time that is smaller than the size of t
medium. The measured high-pT azimuthal anisotropy
can only be caused by the geometrical anisotrop
the medium in a very early stage and thus canno
due to hadronic rescattering. The most direct evide
for partonic energy loss and jet hadronization outs
the medium is the universal same-side leading had
correlations inside a jet inp+p, d+Au and Au+ Au
collisions. Hadronic rescattering or absorption ins
the medium would have destroyed the jet-like sam
side correlation. Finally, the absence of jet quench
in Pb+ Pb collisions at SPS also indirectly prov
that hadronic rescattering cannot be responsible fo
observed jet quenching at RHIC.

A direct measurement of parton energy loss is a
proposed which requires the reconstruction of the t
energy of a jet that has a triggered hadron with a fi
-value ofptrig
T . The difference between Au+ Au and

p+pmeasurements (pluspT broadening due to initia
multiple parton scattering) should be related to
averaged total energy loss for the jet whose lead
parton produces the triggered hadron after energy l
The measurement of softening of the effective hadr
triggered fragmentation function will further detail th
pattern of energy loss and induced gluon emiss
The importance of jet quenching studies at low
RHIC energies is also discussed.

It should be noted that there is always the po
bility of some other mechanisms, such as hadro
absorption or the medium effect on the evolution
the fragmentation function [52] that could contribu
to the observed jet quenching. However, the con
sion drawn in this Letter from the collective argume
and experimental evidences is that these cannot b
dominant cause for the observed pattern of jet quen
ing. Parton energy loss is the only natural explanat
Nevertheless, detailed understanding of the other
sible contributions will help to understand the unc
tainties in the extracted parton energy loss.
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